The posterior parietal cortex (PPC) has a unique role in memory retrieval: fMRI 1-4 and electrocorticography 5 studies suggest that within the ventral PPC (VPC) specifically, there is an anterior-posterior functional divergence between externally-oriented and internally-oriented attention to memory (AtoM) [6] [7] [8] [9] . However, the role of VPC during verbal episodic encoding, and the relationship between encoding-and retrieval-related activity, is less understood. Here we show that activation within a subregion of VPC is doubly dissociated between its anterior and posterior parts, during encoding compared to recall in a free recall task. We found that regional activation defined by increased high gamma power and decreased beta power oscillations during encoding and recall correlated with recall success. During word encoding, iEEG sites that showed this correlation were located anterior to those that showed deactivation. Conversely, during word recall, sites that showed stronger correlations between activity and number of words recalled were located more posteriorly. Our results demonstrate the significance of high gamma and beta oscillations suggesting a push-pull relationship between attention to external stimuli and internal memories within left ventral PPC. Knowledge of this divergence of function along the anterior-posterior axis within left ventral PPC may prove useful for guiding brain stimulation strategies.
Introduction (300)
Episodic memory is supported by diverse neural circuits and functions, including not only faithful information representation, but also attention to stimuli, during both encoding and subsequent recall. In contrast to spatial attention, which is confidently localized mostly to right parietal cortex 10 , the neurophysiological correlates of attention to memory are less resolved. Recent evidence implicates left posterior parietal cortex, particularly ventral posterior parietal cortex (VPC) in attention to bottom-up, automatic memory retrieval [6] [7] [8] [9] 11 . For example, fMRI studies show decreased activation of VPC when new items are reliably differentiated from familiar ones, and patients with VPC lesions have difficulty specifically with uncued recall 1 . While these studies demonstrate the importance of VPC to attention to memory retrieval, its activation during encoding is less understood, often showing inconsistent responses 12 .
Results (1354)
To test the hypothesis of a functional anterior-posterior gradient in VPC during verbal episodic encoding and recall, we utilized a verbal free recall task, performed by patients with epilepsy undergoing presurgical monitoring, with implanted subdural or depth macroelectrodes in Brodmann area (BA)40 left VPC (Fig. 1) . In this task, patients were sequentially shown a list of words, and after an arithmetic distractor task were asked to recall as many as possible ( Fig.  2A) . The final data set consisted of 58 patients (Table. S1 ) with a total of 457 intracranial EEG (iEEG) task recordings from 322 unique depth and subdural electrode sites in left VPC, specifically from BA40 ( Fig. 1) , and the supramarginal gyrus.
We first asked whether activity in left BA40 was responsive to task stimuli, regardless of subsequent recall. Due to buffering constraints, we computed time-frequency (TF) representations of high gamma and beta power from 0.3s before, to 1.7s after word presentation. We then used a two-step approach to find significant stimulus-induced responses. First, we searched for regions in the TF plot containing large power modulations (>2 SD relative to pre-stimulus), and then used non-parametric cluster-based tests to test the significance of power modulations within this region, compared to the memory-unrelated distractor task. We identified significant (cluster-based Monte Carlo estimate, p<0.05) stimulus-induced high gamma (Fig. 2B ,D, S1) and beta band (Fig. 2C ,E,S1) responses in 34% (162/475) and 39% (183/475) of recordings, respectively, and in 79% (46/58) and 74% (43/58) of patients, respectively (Fig. 1) . In 21% (98/457) of recordings and in 66% (38/58) of patients there was both a high gamma and beta band response. At the single trial level, positive responses were observable as distinct bursts of oscillatory power, and negative responses were observable as periods lacking oscillatory bursts (Fig. S5-S6 ). High gamma responses were approximately evenly split between stimulus-induced increases and decreases (88 and 90, respectively) as were beta band responses (116 and 120, respectively). This demonstrated the existence of neural populations in left BA40 that reliably activate (or deactivate) in response to visual word presentation.
We also examined high gamma and beta induced responses in left BA21 i.e. middle temporal gyrus (Fig. S2) , left entorhinal cortex (BA28/34) (Fig. S3) , and right BA40 (Fig.  S4) (Table. S2 ). In left entorhinal cortex, high gamma and beta band responses were found in fewer patients (27% and 30%, respectively) and there was a reduction in absolute mean magnitudes of positive high gamma (t(117)=-2.32, p<0.05) and negative beta responses (t(144)=-2.63, p<0.01), compared to left BA40 (Fig. S1, S3 ). In right BA40 we found a reduced proportion of high gamma band responses (in 50% of patients). These negative high gamma responses in right BA40 were significantly decreased in absolute mean magnitudes (t(164)=-4.58, p<0.001) and increased in latency (t(164)=5.54, p<0.001)). However, we found a similar proportion of beta band responses (in 71% of patients) as in left BA40, but absolute mean magnitudes of negative beta band responses in right BA40 were significantly reduced (t(201)=-2.49, p<0.05) (Fig. S1,S4) . In left BA21 we found similar proportions of high gamma and beta band responses as in left BA40, but notably negative high gamma responses in left BA21 were increased in latency (t(169)=3.63, p<0.001), duration (t(169)=10.7, p<0.001) and absolute mean magnitudes (t(169)=3.66, p<0.001). Furthermore, the positive beta band responses in left BA21 were also increased in duration (t(172)=2.47, p<0.05) and absolute mean magnitudes (t(172)=3.24, p<0.005). The characteristics of induced responses in left BA40 were thus often distinct from responses in other regions (Fig. S1, S2) .
We next asked if these stimulus-induced responses during encoding were modulated in magnitude by the success of subsequent recall. We thus tested for differences in oscillatory power within the same restricted region of the TF plot, between recalled and forgotten words (i.e. subsequent memory effect [SME]). We found that in 17% of the recordings that showed a significant high gamma response (27/162) from 11 patients, there was also significant SME (p<0.05, Fig. 2B,2D ). In 9% of the recordings that showed a significant beta response (17/183) from 12 patients, there was a significant SME (p<0.05, Fig. 2C,E) . These results indicated that indeed stimulus-induced responses were sometimes stronger for subsequently recalled words. We also examined the SME in left BA21 (Fig S2C) , left entorhinal cortex (Fig S3C) , and right BA40 (Fig S4C) . Compared to left BA40, in right BA40 we found a reduced proportion of recordings showing an SME in high gamma (2% vs. 6% of all) and in fewer subjects (14% vs. 19%). Equivalent proportions showed a beta band SME (Fig S4A) . Compared to left BA40, in left BA21 we found a reduced proportion of electrodes showing a high gamma SME (3% vs. 6%) but in the same proportion of patients (19%, Fig S2A) . In beta band, we found the same proportion of electrodes showing an SME, but in a greater proportion of patients (28% vs. 21%) (Fig S2A) . In left entorhinal cortex there were reduced proportions of recordings showing an SME in both high gamma (5% vs. 6%) and beta bands (1% vs. 4%) compared to left BA40 ( Fig  S3A) .
To more directly test whether single-trial high gamma and beta oscillations during encoding could predict recall success, we performed logistic regression classification on the same set of patients in which an SME was observed. Using this approach, we were able to successfully predict recall success in 18 patients and 22 patient-task pairs (Table. S3 ) in which either a high gamma or beta band SME was observed, as assessed by area under ROC curve (AUROC) (AUROC range 0.56-0.76; mean 0.65±.06; p<1e-9, Fig 2F) . In right BA40, recall success was predicted in 9 patients, with an AUROC range of 0.54-0.71 (0.62±.06) (Fig S4D) . In left BA21, recall was predicted in 16 patients, and the AUROCs ranged from 0.51-0.73 (0.60±.07) (Fig S2D) . In left entorhinal cortex, recall was predicted in 4 patients, and the AUROCs ranged from 0.61-0.68 (0.64±.03) (Fig S3D) .
High gamma and beta oscillatory modulations in left BA40 during recall predict recall success
We next examined the role of left BA40 activity in memory retrieval. Specifically, we asked if high gamma or beta band power during the recall period was greater in the list-learning blocks where more words were correctly recalled. We first calculated high gamma and beta band power over the entire recall phase, normalized across session. We then tested for linear correlations between band power and recall number on a block-by-block level.
We found that in 10% (44/457) of recordings, the normalized or raw (Fig. S9 ) high gamma (n=28) and beta power (n=19) during recall correlated significantly with number of words recalled (FDR-corrected p<.05). Almost all correlations were positive for high gamma (26/28, Fig 3A) , and negative for beta (15/19, Fig. 3A) . In these electrodes we found that the high gamma and beta responses were often anti-correlated (Fig. S7) . We also assessed the significance of the correlation of recall number and band-power through random permutations of recall number (n=1000) (Fig. S8) .
Modulation of high-gamma and beta during encoding and recall are doubly dissociated along the anterior-posterior axis of left BA40
We first tested the hypothesis that recording sites showing positive stimulus-induced responses would be spatially divergent from those showing negative responses during encoding. Of the 162 recordings that exhibited stimulus-induced high gamma responses, we identified 136 unique electrode site/response type combinations. Electrode sites exhibiting positive high gamma responses were significantly more anterior to those exhibiting negative high gamma responses (mean neuroanatomical y-coord.: -37.9±10.6 vs. -45.4±9.5, CI: 4.1-10.9, t(134)=4.36, p<.001) (Fig 4A) . We next asked if during the recall epoch more posterior VPC sites would exhibit a stronger correlation between high-gamma power and the number of words recalled. We found a significant correlation between R2 associated with the high-gamma recall correlation, and the y-coordinate (r(27)=-.46, p<.05) (Fig 4B) .
We then performed the same analysis in beta band, hypothesizing that we would see the same effect, but reversed in polarity. As hypothesized, electrode sites exhibiting negative beta band responses were significantly more anterior to those exhibiting positive beta band responses (mean neuroanatomical y-coord.: -38.8±10.3 vs. -43.4±9.8, CI: 1.4-7.8, t(157)=2.86, p<.005) (Fig 4A) , and we found a significant negative correlation between R2 associated with the recall correlation, and the y-coordinate (r(18)=-.50, p<.05) (Fig 4B) .
In summary, high gamma and beta oscillations in the left VPC exhibit clear SMEs that can be utilized to predict verbal episodic memory performance during both encoding and recall. While other brain regions such as the left middle temporal gyrus also demonstrated highgamma and beta SMEs in this study and in prior work [13] [14] [15] , the left VPC SME's are particularly intriguing because the left VPC has been implicated in mediating attention to memory [6] [7] [8] [9] 11 . In the prefrontal cortex of primates anti-correlated high-gamma and beta oscillations may serve as an attractor state to encode working memory trace during the encoding, storage and retrieval phases 16, 17 . It is unclear if the high-gamma and beta oscillations in the left VPC similarly represent a memory trace, attention to memory, or perhaps semantic or phonetic processing 2,18,19 important in both attention and memory. In the context of these oscillations mediating attention, prior fMRI and electrocorticography (ECoG) studies have also shown that an anterior-posterior gradient in the VPC may function to regulate attention to the environment and attention to memory in a push-pull manner 5, [7] [8] [9] . To better differentiate whether high-gamma and beta oscillations in the left VPC mediate memory and/or attention future investigations could utilize cued and non-cued recall design 1 , and also utilize information encoding measures 16, 17 . Methods Task A verbal free recall task was administered as part of the Defense Advanced Research Projects Agency (DARPA) Restoring Active Memory (RAM) project, to which patients consented during pre-surgical epileptic monitoring. The task consisted of 12 words displayed sequentially over 30s, followed by a 20s arithmetic distractor task, ending with a 30s recall period (Fig 2a) 13-15 . This block was repeated 25 times per session. In one task variant, words were selected randomly from a list of nouns; in a second variant, 3 categories were used to draw 4 words each, from a possible 25 semantic categories (http://memory.psych.upenn.edu/Word_Pools). Data were collected across sites including: Thomas Jefferson University Hospital (Philadelphia, PA), Mayo Clinic (Rochester, MN), Hospital of the University of Pennsylvania (Philadelphia, PA), Dartmouth-Hitchcock Medical Center (Lebanon, NH), Emory University Hospital (Atlanta, GA), National Institutes of Health (Bethesda, MD), University of Texas Southwestern Medical Center (Dallas, TX), and Columbia University Medical Center (New York, NY).
Recordings
Intracranial recordings were from depth, grid, and strip electrodes (AdTech Inc., PMT Inc.) implanted based on patient-specific needs. Recordings were collected with Nihon Kohden® EEG-1200, Natus XLTek® EMU 128, or Grass® Aura-LTM64 systems, depending on the site of data collection. Sampling rates ranged from 500-2000Hz depending on site. Data were referenced to common intracranial, scalp, or mastoid contacts. Bipolar montages were calculated from subtracting adjacent electrodes, and served as the electrodes used in this analysis. Bipolar electrode data were visually inspected for epileptic activity, low signal-to-noise, and artifact, and removed from analyses accordingly. Out of a pool of 314 patients, 119 had depth or subdural electrodes placed in left Brodmann area 40, our region of interest, as defined in standard Talairach space (www.talairach.org). Of these 119 patients, a final set of 58 were selected, with 322 electrode sites that were not contaminated with noise and not located in seizure onset or irritative zones, and which comprised 457 unique electrode-task recordings (Fig  1) .
Stimulus-Induced Response Wavelet-based time-frequency representations.
We tested for significant word-induced responses using non-parametric cluster-based tests in FieldTrip 20 comparing encoding to distractor epochs, separately for each electrode-task recording 21 . To limit the scope of the test, we first searched for power modulations of at least two standard deviations lasting at least 50ms, in the 1.5s following word presentation compared to the 300ms prestimulus period, in the mean power across sessions. The frequency-and timespan of these modulations defined a region of interest in time-frequency space. The clusterbased tests comparing encoding to distractor epochs were performed within this region of interest, using alpha=0.1 to define the initial cluster, and alpha=0.025 (0.05 for 2-sided test) as the significance threshold. Monte-Carlo estimates of p values were calculated.
Subsequent Memory Effects
We tested for differences in oscillatory power during encoding between recalled and forgotten words (a.k.a. subsequent memory effect [SME]), but restricted to the recordings that showed a significant induced response, and further restricted to the same region of TF space in which the induced response was found. The non-parametric cluster-based statistical tests used for this comparison were identical to those used for the previous tests, comparing encoding and distractor epochs.
We tested the ability of single trial high gamma and beta power modulations to predict recall success using the following approach: for each patient with a recording showing a significant SME, we implemented logistic regression classification using all recordings from the same patient that showed significant induced responses during encoding. As classification features, we used mean high gamma and beta power over the region in time-frequency space that showed either the significant SME, or the greatest induced response if there was no SME. These features were constructed independently for each recording, and independently for high gamma and beta band. Matlab ('fitglm' function) was used to generate the logistic regression model using the first half of the patient's data, and applied to the second half to generate predictions. Classification performance was assessed using area under ROC curves (AUROC).
Correlations with Recall-Epoch Power
Linear correlation were tested between high gamma and beta power during the recall epoch, and the number of words recalled during that period. Specifically, for each complete session there were 25 data points corresponding to the 25 blocks, and the 25 recall periods that occur at the end of each block. Since there were 12 words per block, recall number ranged from 0 to 12. High gamma and beta band power was calculated across the entire 30 second recall period using the 'bandpower' function in Matlab, and normalized by session, by subtracting the mean and standard deviation of session-wide band-power from each block in a given session. This session-normalized value was input into a linear regression model, along with recall number, to calculate the relationship between high gamma power and recall number. Multiple comparisons correction was performed using a false discovery rate algorithm on the resulting p values on a subject-level basis. FDR 22 was also assessed using permutation tests: for each task recording, recall number was randomly permuted across blocks, and the correlation with band power was recalculated. This was performed 1000 times, yielding 1000 separate distributions of correlation values and associated p values.
Spatial Analysis
Prior to electrode implantation T1-weighted MRIs were obtained for each individual. Post-implantation CT scans were co-registered with the pre-implantation MRIs using ANTS with neuroradiologist supervision. These images were then transformed into standard MNI and Talairach coordinates in order to identify the electrode coordinates in standard space 13, 14, 23 . Brodmann areas were additionally identified for each electrode contact, based on these localizations. Only electrode contacts from left BA40 were used in this study, although an alternative atlas based segmentation indicated that a portion of these contacts were in the left supramarginal gyrus. The electrode recordings exhibiting significant stimulus-induced responses in high gamma and beta band were tabulated. Each recording site was categorized as having either a positive or negative induced response, in high gamma and beta separately. If an electrode recording exhibited both positive and negative stimulus-induced responses, its site was categorized based on the earlier response. If two recordings from the same site exhibited the same response type, its site was counted only once. Two-sample t-tests were used to compare the Talairach space x, y, and z coordinates between sites exhibiting positive responses, to those exhibiting negative responses. 
Supplementary

